Chemokines are small secreted proteins with chemoattractant properties that play a key role in inflammation. One such chemokine, Stromal cell-derived factor-1 (SDF-1) also known as CXCL12, and its receptor, CXCR4, are expressed and functional in cardiac myocytes. SDF-1 both stimulates and enhances the cellular signal which attracts potentially beneficial stem cells for tissue repair within the ischemic heart. Paradoxically however, this chemokine is known to act in concert with the inflammatory cytokines of the innate immune response which contributes to cellular injury through the recruitment of inflammatory cells during ischemia. In the present study, we have demonstrated that SDF-1 has dose dependent effects on freshly isolated cardiomyocytes. Using Tunnel and caspase 3-activation assays, we have demonstrated that the treatment of isolated adult rat cardiac myocyte with SDF-1 at higher concentrations (pathological concentrations) induced apoptosis. Furthermore, ELISA data demonstrated that the treatment of isolated adult rat cardiac myocyte with SDF-1 at higher concentrations upregulated TNF-α protein expression which directly correlated with subsequent apoptosis. There was a significant reduction in SDF-1 mediated apoptosis when TNF-α expression was neutralized which suggests that SDF-1 mediated apoptosis is TNF-α-dependent. The fact that certain stimuli are capable of driving cardiomyocytes into apoptosis indicates that these cells are susceptible to clinically relevant apoptotic triggers. Our findings suggest that the elevated SDF-1 levels seen in a variety of clinical conditions, including ischemic myocardial infarction, may either directly or indirectly contribute to cardiac cell death via a TNF-α mediated pathway. This highlights the importance of this receptor/ligand in regulating the cardiomyocyte response to stress conditions.
Introduction
The CXC chemokine, SDF-1 is a potent chemotatic protein with a well-characterized role in the mobilization and homing of progenitor cells to hematopoietic tissues and works through interaction with its specific receptor ligand, CXCR4 [1] . CXCR4 is expressed on a variety of hematopoietic cells, inflammatory cells, and non-hematopoietic progenitor cell types. More recently, it has been shown by us and others that SDF-1 levels are also elevated in infarcted myocardium, areas of ischemia, and tissue injury [2] [3] [4] . Given SDF-1's essential role in bone marrow (BM) homing and recruitment [5, 6] , SDF-1 has been tested in gene therapy as a recruiter of BM-derived progenitor cells to the myocardium as a treatment for ventricular dysfunction and myocardial repair. However, to date, several human clinical trials of stem cell therapy have shown limited cardiac benefit to individuals suffering from myocardial infarction [7] [8] [9] . Our work suggests that the ectopic expression of SDF-1's receptor, CXCR4, worsens the hemodynamic and structural parameters in a murine model of ischemic reperfusion injury; CXCR4 over expression was associated with: (1) presence of inflammatory cells; (2) presence of inflammatory mediators i.e. cytokines such as tumor necrosis factor-alpha (TNF-α) and; (3) inflammation-mediated injuries i.e., cardiomyocyte apoptosis and necrosis. Our data suggest that SDF-1-CXCR4 over activation can be toxic rather than beneficial [4] . In the present study, we hypothesize that the deleterious effects of SDF-1 on cardiac cells, including apoptosis, could be mediated by SDF-1-induced TNF-α production.
TNF-α is a proinflammatory cytokine that produces negative inotropic effects in the heart [10] . In addition to mast cells, which are a notable source of TNF-α, the heart is also a TNF-producing organ [11, 12] . According to Ferrari and Feldman et al., the normal heart does not express TNF-α, however, the failing heart produces robust quantities. Besides inducing apoptosis, TNF-α has been implicated in the modulation of cardiac contractility and peripheral resistance, the two most important hemodynamic determinants of cardiac function [13, 14] . It was assumed that TNF-α is deleterious to myocardial function in humans because it induces a negative inotropic state in patients who have not undergone heart transplants [15] . Accumulating evidence indicates that myocardial TNF-α is an autocrine contributor to myocardial dysfunction and cardiomyocyte death in ischemia-reperfusion (I/R) injury, sepsis, chronic heart failure, viral myocarditis, and cardiac allograft rejection [12] . As a matter of fact, it was postulated that high levels of TNF-α could cause severe cardiac pathologies and participate in changes such as remodeling, fibrosis, and apoptosis [16] .
Cardiac dysfunction has also been associated with a systemically elevated chemokine level, both in animals and humans [17] [18] [19] . Most studies in this area have focused on chemokine expression as a prominent feature of the post-infarction inflammatory response. Such studies have investigated the role of chemokines in inflammatory leukocyte recruitment [20] . They have not, however, addressed the possibility of an autocrine/paracrine effect wherein the chemokine receptors, present on the cardiomyocyte surface, modulate functional responses to stress. Interestingly, as a strategy for repairing damaged cardiac tissue following myocardial infarction, one potentially promising approach involves the use of cell therapy [6, [21] [22] [23] [24] to prevent or reverse heart failure [25] . Another related strategy for cardiac repair involves stem cells (SCs) mobilization with factors such as cytokines [26] . Several laboratories have shown that the cells can be mobilized and can home to areas of injury, in part by SDF-1-CXCR4 interaction [27] [28] [29] [30] .
Given SDF-1's essential role in BM homing and recruitment [5, 6] , SDF-1 has been tested in gene therapy as a recruiter of BM-derived SCs to the myocardium in a murine infarct model [7, 31, 32] . Indeed, a current clinical trial is examining the effects of injecting SDF-1 directly into the myocardium of patients with ischemic heart disease. SDF-1 acting through CXCR4 could indeed recruit BM-derived SCs to the infarcted heart, and increase homing following injury, supporting the notion that this chemokine might have therapeutic potential. However, as evidenced by the published literature, controversies exist over the protective versus apoptotic effects of SDF-1/CXCR4 axis in injury models [33] [34] [35] [36] [37] . Many studies have suggested that SDF-1/ CXCR4 activation can exert pathological effects. Han et al., has previously demonstrated that binding of SDF-1 to its receptor induces neuronal apoptosis in vitro. The pathological roles of SDF-1 in increasing the severity of neurological impairment, is contributed to increased astrocyte cell death [38] . Moreover, it was shown that SDF-1 could induce TNF-α production, which provides a course of soluble cytotoxic factors that mediate neuronal cell death [38] . In our I/R model, CXCR4-infected hearts showed both increased TNF-α expression and elevated apoptosis post I/R [4] , suggesting that myocardial cells may produce TNF-α. Since TNF-α receptors are also expressed by cardiomyocytes and TNF-α can trigger apoptosis in many cell types, it is likely that endogenous TNF-α may contribute to apoptosis in cardiac cells as well. It is then likely that the concentration of TNF-α is much higher in cardiac tissue relative to serum levels where serum levels of TNF-α are shown to be elevated in many human cardiac-related pathogenic conditions, including heart failure. Whether SDF-1/CXCR4 activation of apoptotic pathways result, in part, from TNF-α production and/or whether SDF-1 induces apoptosis independently of TNF-α needs to be clarified and will therefore be addressed in this study. Our findings suggest a concentration-dependent effect of SDF-1 on cardiomyocytes: SDF-1 at increased, pathological, concentrations induces TNF-α and subsequently cardiomyocyte death. This implication suggests an important role of the SDF-1/CXCR4 axis in regulating the expression of a proinflammatory marker in cardiomyocyte which may contribute to the pathological changes and myocardial dysfunction observed in chronic heart disease.
Materials and methods

Isolation of adult rat ventricular myocytes
Cardiomyocytes were prepared from Sprague-Dawley adult rat hearts as previously described [39] . Briefly, rat hearts were excised and the aorta was quickly cannulated. The hearts were first perfused with a low calcium Tyrode's buffer and then with an enzyme solution containing collagenase and protease. They were minced, filtered, and suspended in Tyrode's solution, and cultured in medium M199 containing appropriate supplements.
Apoptosis
Apoptosis was detected by using TUNEL (Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling) Fluorescein kit (Roche Diagnostics, Indianapolis, IN) and confirmed with the Cell Death Detection ELISAPLUS (Roche Diagnostics, Indianapolis, IN) by quantization of the cytoplasmic histone-associated DNA fragments.
ELISAPLUS
An ELISA for histone-associated DNA fragments. Briefly, the photometric enzyme immunoassay is used for the quantitative in vitro determination of cytoplasmic histoneassociated DNA fragments (mono-and oligonucleosomes) after induced cell death [40] . ELISA assay was performed according to the manufacturer's protocol (Roche Diagnostics, Indianapolis, IN).
TUNEL
In situ labeling of fragmented DNA was performed with tdt UTP nick end-labeling according to manufacturer's protocol as previously described [4] . This technique was performed on cardiomyocytes that had been plated on laminin-coated coverslips and cultured in DMEM-F12/10% FCS in the presence or absence of the test agent. Briefly, cardiomyocytes were grown on coverslips, incubated with or without SDF-1 (at 1, 10, 100, 200, 500 ng/ml) for 24-48 h. Cells were washed and fixed with 3.7% formaldehyde. TUNEL assay was performed with the in Situ Cell Death Detection Kit (Fluorescein) from Roche, for which labeled nucleotides, incorporated in nucleotide polymers, are detected and quantified by fluorescence microscopy. Cell numbers were the mean of five representative high power fields per coverslip. Three independent experiments were performed, in each experiment, each condition was performed in triplicate (i.e., coverslips from three separate dishes were counted per treatment condition, a total of 15 fields).
Protein preparation and immunoblot analysis
Membrane and tissue homogenates were prepared as previously described [4, 39] . Briefly, cells were incubated in the presence or absence of SDF-1 and/or MAPK signaling inhibitors; e.g., the p38 (SB203580; 10 μM), for 24 h. Cells were solubilized in lysate buffer (Cell Signaling Technology, Beverly, MA), supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO). The homogenates were centrifuged and protein concentrations in the supernatants were determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein were loaded onto wells and separated by 12% SDS-PAGE and transferred to Immobilon-P transfer membranes (Millipore, Bedford, MA). The membranes were incubated in blocking buffer for 1 h and incubated with antibodies to caspase 3, BAX, P38, JNK/SAPK, phospho-P38, phospho-JNK/SAPK, GAPDH (Cell Signaling Technology, Beverly, MA), Phospho-MAPKAPK2 and MAPKAPK2 (Abcam, Cambridge, MA) overnight at 4 °C. The membranes were washed and incubated in secondary HRP conjugated antibodies, 1:2000 dilutions (Cell Signaling Technology Beverly, MA). Immunocomplexes were visualized with enhanced chemiluminescence and autoradiographs were analyzed by laser densitometry. Three independent experiments were performed; the groups represent the mean of three separate experiments.
Caspase 3 activity assay
Freshly isolated adult rat cardiomyocytes were treated with SDF-1 with or without neutralizing antibody to TNF-α for 24 h and apoptosis was quantified in the form of caspase-3 activation using the Apo-One fluorometric assay system (Promega Corporation, Madison, WI) according to the manufacturer's protocol [41] .
Cell fractionation-mitochondria isolation assay
Subcellular fractionation of cultured cells was performed using commercially available kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol. The mitochondria isolation kit uses a non-mechanical, reagent based method to separate intact mitochondrial from cytosolic fraction [42] .
Enzyme linked immunosorbent assay (ELISA)
The amounts of TNF-α protein in the cell lysates and/or cell culture supernatant were determined by sandwich ELISA. Quantitation of the levels of immunoreactive TNF-α was performed using a kit purchased from R&D systems (Minneapolis, MN, USA). ELISA was performed according to manufacturer's instructions as previously described [43] .
Statistical analysis
The statistical significance between experimental and control groups was determined by Student's t test or by one-way ANOVA followed by the Bonferroni post hoc test or twoway ANOVA followed by Tukey's test t using Prism software (Graphpad, San Diego, CA). A P value of < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, # P < 0.001).
Results
SDF-1 at high doses (≥ 300 ng/ml) induces apoptosis in cardiomyocytes
In this study, we investigate the effects of different SDF-1 concentrations on cardiomyocyte viability and survival. We
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hypothesize that SDF-1 is capable of driving isolated cardiomyocytes into apoptosis at high concentrations. It has been previously reported that cytokines such as TNF-α have concentration-dependent bimodal effects on cell survival. Previous studies by Poznansky et al. also suggested that SDF-1 has concentration dependent effects on T-cells in which low concentrations are chemotactic but higher concentrations have opposite effects and actually initiate the movement of T-cells away from the chemoattractant [44] . Thus, we set this study to investigate the dose dependent effects of SDF-1 in cardiomyocytes death/survival.
We have taken the approach of using several techniques in parallel to evaluate apoptosis in cardiomyocytes in vitro. Freshly isolated adult rat cardiomyocytes were treated for 24 h with either 300 ng/ml SDF-1, 1 µM doxorubicin (DOX), 100 µM isoproterenol (ISO) or diluent (ISO control). Both doxorubicin and isoproterenol are known to induce cardiomyocyte apoptosis thus they were used as positive controls for the assay. AMD3100, a small bicyclam molecule, is a CXCR4 antagonist, which was utilized to assess whether the observed apoptosis was induced through the binding of SDF-1 to its receptor. We pretreated cardiomyocytes with 10 mM AMD3100 for 1 h followed by a 24 h treatment with 300 ng/ml SDF-1 and 10 mM AMD3100. Apoptosis was detected by TUNEL assay (Fig. 1a) and confirmed with the Cell Death Detection ELISAPLUS kit by quantitation of cytoplasmic histone-associated DNA fragments (Fig. 1b) . As shown in Fig. 1a , b, SDF-1 treatment at 300 ng/ml induces cardiomyocyte apoptosis as assessed using two independent assays: TUNEL staining (Fig. 1a) and ELISAPLUS, an ELISA for histone-associated DNA fragments (Fig. 1b) . To address whether SDF-1 mediated apoptosis is concentration dependent, different concentration of SDF-1 ranging from 100 ng (physiological concentrations) to 500 ng/ml (pathological concentrations) were used to stimulate cardiomyocytes over 24 h. A double-staining technique was used i.e., TUNEL staining through use of an in situ Cell Death Detection Kit for apoptotic cell nuclei and DAPI staining for all cell nuclei. TUNEL positive cells were visualized as indicated by green fluorescence staining (Fig. 1d ) and the percentage of TUNEL positive cells was determined (i.e., number of TUNEL-positive myocytes/total number of myocytes × 100) (Fig. 1c) . Assays were performed in a blinded manner. Representative images show a significant increase in TUNEL positive cells (green signals) at 300 ng/ ml SDF-1 (**p < 0.01 vs. control) after 24 h of treatment (Fig. 1d) . AMD3100 blocks 300 ng/ml SDF-1 induced apoptosis (*p < 0.05 vs. 300 ng/ml SDF-1 + AMD3100) suggesting the observed apoptosis is CXCR4-mediated (Fig. 1a-d) . With the 500 ng/ml SDF-1 treatment, many cells are already dead at this time point. Similar results were published by Colamussi et al. who showed that SDF-1 induces apoptosis in CD4+ T cell [36] . Kinetic assays demonstrate that SDF-1 at higher concentrations can induce apoptosis, which is not apparent at lower concentrations (p < 0.05 compared 100 ng/ ml SDF-1 vs. control) (Fig. 1c) . Indeed SDF-1 at lower concentration (100 ng/ml) seems to be protective against basal cell death observed in control group (*p < 0.05 vs. control). We should note that there is a basal rate of cell death in the cultured myocytes. We contribute these deaths in this primary cell line to the subset of myocytes that were under stress during the isolation process. Cell death in our control group is the data that represents this phenomenon.
Collectively the data supports our hypothesis that SDF-1 can induce apoptosis in adult rat cardiomyocytes and that this effect is dose dependent. Since CXCR4 is constitutively expressed and the ligand is constitutively available, this might explain why SDF-1 shows its deleterious effects only when the expression of ligand is dysregulated. This rationale is consistent with the elevated SDF-1 levels seen in a variety of clinical conditions, including ischemic myocardial disorders and heart failure where the pathophysiologic processes of disease further contribute to SDF-1-induced cardiac cell death [45, 46] .
SDF-1 induces caspase 3-like activation
Caspases are important apoptotic signaling molecules. Activation of caspases occurs through both a mitochondriadependent and -independent pathway. Both of these pathways activate downstream execution caspases, including caspase 3. To assess whether changes in caspase activity play a role in SDF-1-induced cell death, we determined the activation of caspase 3 using two independent assays: (1) detection of caspase 3-like protease activity (ApoAlert Caspase 3 Fluorescent Assay Kit) and (2) immunoblotting for the activated form of caspase 3 [41, 47] . Freshly isolated adult rat cardiomyocytes were treated for 24 h with either 100 or 300 or 500 ng/ml of SDF-1. Treatment with SDF-1 at higher concentrations (300 and 500 ng/ml) significantly increased caspase 3-like protease activity as compared to myocytes incubated with 100 ng/ml SDF-1 as detected by green fluorescence staining (**p < 0.01, # P < 0.001 vs. control) (Fig. 2a left panel) . The amount of green fluorescence was quantified using the ImageJ program (Fig. 2a right panel) . The number of green fluorescence pixels per cell was measured and normalized to its cell area. To confirm our data, we used an immunoblotting protocol in which we detected a significant increase in active caspase 3 protein (cleaved protein) expression at 300 and 500 ng/ml SDF-1 treatment (*p < 0.05 vs. control), thus implicating an increase in active caspase 3 activity (Fig. 2b) . This activity decreased significantly in cultures co-treated with AMD 3100 the commercially available SDF-1 antagonist (*p < 0.05 compared 300 ng/ml SDF-1 vs. 300 ng/ml SDF-1 + AMD3100; *p < 0.05 compared 500 ng/ml SDF-1 vs. 500 ng/ml SDF-1 + AMD3100) suggesting the observed caspase 3 activation is CXCR4-mediated (Fig. 2b) .
In the mitochondria-dependent mechanism of caspase 3 activation, mitochondria release cytochrome c into the cytosol early in the process which mainly activates caspase 9, among others, the end result of which is the activation of caspase 3. These downstream players in turn cleave key substrates and coordinate the process of apoptotic cell death. Interestingly, BAX is a pro-apoptotic Bcl-2-family protein that resides in the cytosol, been shown to induce cytochrome c release and caspase activation in vivo and in vitro [48, 49] . We looked at BAX protein expression in our system (Fig. 2c) . There is a significant increase in BAX protein expression in cardiomyocytes treated with higher concentration of SDF-1 (300-500 ng/ml) (*p < 0.05 vs. control). To detect potential cytochrome c release, cultured cardiomyocytes were treated with SDF-1 at different doses for 24 h at which point the cells were fractionated. Upon processing, Freshly isolated rat cardiomyocytes were treated for 24 h with either 300 ng/ ml SDF-1, 1 µM DOX, 100 µM ISO or diluent (ISO control). Pretreatment with 10 mM AMD for 1 h was followed by a 24 h treatment with 300 ng/ml SDF-1 plus 10 mM AMD. a Apoptosis was detected by using TUNEL and b confirmed with the Cell Death Detection ELISAPLUS by quantization the cytoplasmic histoneassociated DNA fragments (n = 3; *p < 0.05, **p < 0.01 vs. 300 ng/ml SDF-1). c, d
To assess the SDF-1 dose response curve, freshly isolated adult rat cardiomyocyte were treated for 24 h with either SDF-1 (100, 300 or 500 ng/ml) with or without pretreatment with 10 mM AMD3100, specific CXCR4 antagonist for 1 h prior to the treatment. ISO (100 µM) was used as a positive control to induced apoptosis in cardiomyocytes. Apoptosis was detected by using TUNEL assay. A double-staining technique was used i.e., TUNEL staining by using an In Situ Cell Death Detection Kit (Fluorescein) for apoptotic cell nuclei and DAPI (Blue) staining for all cell nuclei. TUNEL positive cells were visualized as indicated by green fluorescence staining and percentage (%) of TUNEL positive cells was determined (i.e., number of TUNEL-positive myocytes/total number of myocytes × 100). Assays were performed in a blinded manner. Three independent experiments were performed, in each experiment, each condition was performed in triplicate (i.e., coverslips from three separate dishes were counted per treatment condition, a total of 15 fields) (n = 15; *p < 0.05, **p < 0.01, # p < 0.001). Our data demonstrate a significant increase in cytochrome c protein expression in the cytosolic fraction of cardiomyocytes treated with higher concentrations of SDF-1 (300 and 500 ng/ml) (**p < 0.01, *p < 0.05 vs. control) for 24 h as compared to cells that were treated with the physiologic concentration of SDF-1 (100 ng/ml) (Fig. 2d) , suggesting cytochrome c release from the mitochondria as a potential underlying mechanism. ISO and H 2 O 2 were used as negative and positive controls (*p < 0.05 H 2 O 2 vs. control). It is well demonstrated that H 2 O 2 -mediated apoptosis is mitochondria dependent mechanism but ISO-induced apoptosis is suggested to be through other pathways [50] [51] [52] .
Inhibition of the P38 MAPK pathway did not reverse the apoptotic effect of SDF-1
MAPK pathways are implicated in regulating cell death/ survival pathway. For instance, P38 MAPK can be induced by various insults, and attenuation of p38 MAPK activation during ischemia helps protect against ischemia-mediated necrosis and apoptosis [53] . To determine whether MAPK signaling pathways participate in SDF-1 induced cell death, we examined MAPK phosphorylation by Western blot analysis. Briefly, freshly isolated adult rat cardiomyocyte were treated for 24 h with either 100, 300 or 500 ng/ml SDF-1, with or without pretreatment with 10 mM AMD3100 (a specific CXCR4 blocking compound) for 1 h. 1 µM DOX treatment was used as a positive control. Western blot analysis was performed for detection of Phospho-P38 (Fig. 3a left panel) . Treatment of cardiomyocytes with SDF-1 at higher concentrations (300-500 ng/ml) resulted in significantly elevated levels of p38 phosphorylation as compared to cells exposed to SDF-1 at lower concentrations (100 ng/ml) (*p < 0.05 compared 300 ng to 500 ng/ ml SDF-1 vs. control) (Fig. 3a right panel) . This activity decreased significantly in cultures co-treated with AMD 3100 (*p < 0.05 compared 300 ng/ml SDF-1 vs. 300 ng/ ml SDF-1 + AMD3100; *p < 0.05 compared 500 ng/ml SDF-1 vs. 500 ng/ml SDF-1 + AMD3100) suggesting that the observed increase in p38 phosphorylation is CXCR4-mediated ( Fig. 3a right panel) . These data suggest that activation and signaling of p38 pathway may play a role in the apoptotic effects of this chemokine. Thus, an inhibitor of the p38 MAPK (SB203580; 10 μM) was included in treated cell cultures. Cardiomyocytes were pretreated with 10 µM SB203580 for 1 h followed by a 24 h treatment with SDF-1 (300 ng/ml) or H 2 O 2 (positive control to induce apoptosis) and apoptosis was detected by TUNEL assay as described before (Fig. 3c) . Although the number of apoptotic cells in cardiomyocyte cultures co-treated with SDF-1 (300 ng/ml) and SB203580 was somewhat reduced when compared to cultures treated with SDF-1 (300 ng/ml) only, this was not statistically significant (Fig. 3c) . However, p38 inhibition had significant effects on H 2 O 2 -mediated cell death (positive control) (*p < 0.05 compared to H 2 O 2 ), suggesting that oxidative stress does not underlie SDF-1-mediated apoptosis.
To assess whether 10 µM SB203580 has indeed inhibited the p38 down-stream signaling pathway, we performed Western blots for anti-MAPKAP Kinase 2 (phospho T334). When p38 is activated, it subsequently phosphorylates MAPKAP Kinase 2 (MAPKAPK2) therefore phosphorylation was monitored as an index of p38 activation [54, 55] . Cardiomyocytes were treated as described before and we used an immunoblotting assay to detect MAPKAPK2 phosphorylation (Fig. 3d left panel) . Our data indicates that there is a significant increase in MAPKAPK2 phosphorylation upon treatment with 300 ng/ml SDF-1 and H 2 O 2 (positive control) (**p < 0.01 vs. control). As anticipated, we detected a significant decrease in MAPKAPK2 phosphorylation when SB203580 pretreated cells were treated with either SDF-1 300 ng/ml or H 2 O 2 (*p < 0.05 compared 300 ng/ml SDF-1 vs. SDF-1 + SB203580; *p < 0.05 compared H 2 O 2 vs. H 2 O 2 + SB203580) demonstrating that p38 MAPK inhibitor SB203580 had indeed been inhibiting the downstream pathway, however, it did not significantly reduced SDF-1 Fig. 2 SDF-1 at high concentrations activates caspase 3 and induces cell death. Freshly isolated adult rat cardiomyocytes were treated for 24 h with either 100 or 300 or 500 ng/ml SDF-1, Apoptosis was detected by using three independent assays: a cardiomyocytes were fixed, stained with anti-caspase 3 using detection of caspase 3-like protease activity (ApoAlert Caspase 3 Fluorescent Assay Kit) and visualized with FITC conjugate (green), α-actinin antibody visualized by Cy3 conjugate (red) and nuclei were stained with DAPI (blue). Significant caspase 3 activation (green signal) was detected at ≥ 300 ng/ml. The images are representative of n = 3 experiments (left panel). The amount of green fluorescence was quantified using image j program (right panel). Each cell green fluorescence pixels was measured and normalized to its cell area. Three different experiments were chosen, in each experiment, five cells were measured; graph represents a total of 15 cells per condition (n = 15; **p < 0.01, # p < 0.001 vs. control). b Immunoblotting was performed for the activated form of caspase 3 (Asp175) (upper panel) using cardiomyocytes lysates in which cells were treated in present or absence of AMD3100 (10 mM). Pretreatment with 10 mM AMD for 1 h was followed by a 24 h treatment with 100 or 300 or 500 ng/ml SDF-1 plus 10 mM AMD. Densitometric analysis of data is shown (lower panel) (n = 3; *p < 0.05). c Immunoblotting was performed for the pro-apoptotic protein, BAX (upper panel) using cardiomyocytes lysates in which cells were treated with either 100 or 300 or 500 ng/ ml SDF-1 for 24 h. Densitometric analysis of data is shown (lower panel) (n = 3; *p < 0.05). d Subcellular fractionation of cultured cells was performed using commercially available kit and cytosolic fraction was used to perform western blot analysis. Immunoblotting was performed using the cytochrome c primary antibody followed by corresponding secondary antibody. The blot was visualized using a Bio-Rad imager (left panel). Densitometric analysis of data from three different experiments is shown (right panel) (n = 3; *p < 0.05, **p < 0.01 vs. control) (Fig. 3d right panel) .
We performed a complementary Western blot analysis for phosphorylated JNK/SAPK, another MAPK pathway that has been shown to induce cell death and is believed to be involved in mitochondria-dependent apoptosis [56, 57] . It has been suggested that JNK/SAPK plays a role in the translocation of pro-apoptotic BAX to the mitochondria and subsequently, the activation of the intrinsic cell death pathway. However, in our system, we did not see any significant change in JNK/SAPK phosphorylation upon SDF-1 treatment (Fig. 3b) thus, it is unlikely that SDF-1 mediated apoptosis is JNK/SAPK dependent.
SDF-1 induced-apoptosis is TNF-α-dependent
The apoptosis seen in SDF-1 at high concentrations might be the result of other, unexplained factors, exclusive of a direct mechanism. SDF-1 has been shown to stimulate TNF-α and subsequent apoptosis in astrocytes [38] . Therefore, to investigate whether SDF-1/CXCR4 activation can also affect TNF-α expression, freshly isolated adult rat cardiomyocytes were treated with SDF-1 at various doses (dose response curve) and the TNF-α protein expression was assessed in both cell culture supernatants (Fig. 4a ) and cell lysates (Fig. 4b) using ELISA assay. Our data indicated that TNF-α protein is highly expressed in cardiomyocytes in response to increasing SDF-1 concentrations (≥ 300 ng/ml) (*p < 0.05, **p < 0.01 compared to control) suggesting SDF-1 regulation of TNF-α production is concentration dependent (Fig. 4a, b) . To confirm whether SDF-1 mediated apoptosis is TNF-α dependent, cardiomyocytes were pretreated with neutralizing antibody against TNF-α (5 μg/ml of anti-murine TNF-α) and cell death was assessed using TUNEL at 24 h post treatment with SDF-1 (300 ng/ml). IgG isotype match was used as negative control. We choose the 300 ng/ml concentration of SDF-1 because it resulted in maximum TNF-α production based on our ELISA data (Fig. 4a, b) . There was a significant reduction in SDF-1 mediated apoptosis when TNF-α expression was neutralized (*p < 0.05) suggesting that SDF-1 mediated apoptosis is partially TNF-α mediated (Fig. 4c) . This is the first report demonstrating that cardiac SDF-1 can induce TNF-α from cardiomyocytes at pathological concentrations.
Collectively, our findings suggest that the effect of SDF-1 on cardiomyocytes is concentration dependent: at physiological levels, SDF-1 is necessary for heart homeostasis, however at an increased pathological level, SDF-1 induces TNF-α and subsequent apoptotic events which ultimately and may contribute to the pathological changes observed in chronic heart failure.
Discussion
We set this study to investigate the dose dependent effects of SDF-1 in cardiomyocytes death and survival. We hypothesize that SDF-1 mediated TNF-α is capable of driving rat cardiomyocytes into apoptosis. The SDF-1 concentrations used in this study are based on our own previous publications as well as literature [39, 44, 58] . Previous studies by Poznansky et al. suggested that SDF-1 have concentration dependent effects on T-cells in which low concentration of SDF-1 (< 10 nM) are chemotactic but higher concentrations of SDF (> 10-100 nM) have anti-inflammatory effects i.e., initiates the movement of T-cells away from SDF-1 [44] ; this demonstrated dual and paradoxical role in inflammatory regulation now has a corollary in the myocardium as demonstrated by our recent data. Cardiomyocytes express and release SDF-1 into their microenvironment which binds CXCR4 on the cell surface to elicit biological responses in the originating cell as well as the neighboring cells within the heart muscle. This autocrine/paracrine function is likely under measured given that SDF-1's half-life in vivo is only a few minutes [59] . Furthermore, SDF-1 is cleaved by dipeptidyl-peptidase IV (CD26/DPP IV) which is present in the blood in both a soluble and membrane-bound form [59] and thus the amount of SDF-1 that is measured in patients' plasma is not necessarily represents the actual local concentrations of SDF-1 in the heart and it is likely to be much higher [60] .
We present results from in vitro studies using cultured adult rat cardiomyocytes. Our data suggest that SDF-1 Fig. 3 Inhibition of the P38 MAPK pathway did not reverses the apoptotic effect of SDF-1. a, b Freshly isolated adult rat cardiomyocyte were treated for 24 h with either 100 or 200 or 500 ng/ml SDF-1, with or without pretreatment with 10 mM AMD3100 (a specific CXCR4 blocking compound) for 1 h, or 1 µM DOX (positive control). Western blot analysis was performed for detection of Phospho-P38 and Phospho-JNK/SAPK primary antibodies. Representative gels; left (phospho-p38) and right (Phospho-JNk/SAPK) panels are shown here. Densitometric analysis of data from three different experiments is shown (lower panels). c To determine the contribution of P38 MAPK on SDF-1-mediated apoptosis, inhibitor of the p38 MAPK (SB203580; 10 μM) were included in the treatment of cultures of adult rat cardiomyocytes. Cardiomyocytes were pretreated with 10 µM SB203580, p38 inhibitor, for 1 h followed by a 24 h treatment with SDF-1 (300 ng/ml) or H 2 O 2 (positive control to induce apoptosis). Apoptosis was detected by TUNEL assay as described before. Percentage (%) of TUNEL positive cells was determined (i.e., number of TUNEL-positive myocytes/total number of myocytes × 100). Assays were performed in a blinded manner. Three independent experiments were performed, in each experiment, each condition was performed in triplicate (i.e., coverslips from three separate dishes were counted per treatment condition, a total of 15 fields) (n = 15; *p < 0.05, **p < 0.01). d Freshly isolated cardiomyocytes were treated as described before and we used immunoblotting assay for detection of Phospho-MAPKAPK2 and MAPKAPK antibodies (left panel). Densitometric analysis of data from three different experiments is shown (right panel) (n = 3; **p < 0.01 vs. control) ◂ has dose dependent effects: treatment of adult rat cardiomyocytes with higher concentrations of SDF-1 induces TNF-α secretion, and subsequently leads to cardiomyocyte apoptosis. Herein, these data define an important role for the SDF-1/CXCR4 axis in the regulation of a proinflammatory marker and its potential contribution to the progression of chronic heart disease. Our data suggests that chronic SDF-1 upregulation during ischemic reperfusion injury, and chronic heart failure, might actually act as an autocrine contributor to myocardial dysfunction and cardiomyocyte death. This is the first report to demonstrate the dose dependence effects of SDF-1-induced apoptosis in cultured cardiomyocytes in vitro.
The protective role for SDF-1 at lower concentration has been previously reported. Rakish et al. has demonstrated SDF-1 (100 ng/ml) significantly decreased the hypoxiainduced cardiomyocyte cell death. Others, including our group, have reported that SDF-1 at concentration of 100 ng/ ml can negatively modulate β-adrenergic receptor activity and cardiomyocyte contractility [39, 58] . The relationship between survival signaling pathways and the regulation of apoptosis is rather complex. Activation of many signaling molecules such as MAPK pathways have been implicated in the survival and death of cardiomyocytes [56, 57] .
We have previously shown in our in vivo model of ischemic reperfusion injury, that there is an increase in To address whether SDF-1 induces TNF-α production, freshly isolated adult rat cardiomyocyte were treated for 24 h with either 10, 50,100, 200, 300 or 500 ng/ml SDF-1 and the TNF-α protein expression was assessed in either cell culture supernatant (a) or cell lysates (b) using ELISA assay. c To conform whether SDF-1 mediated apoptosis is TNF-α-dependent, cardiomyocytes were pretreated with neutralizing antibody against TNF-α (5 μg/ml of anti-murine TNF-α) followed by SDF-1 treatment (300 ng/ml) for 24 h. IgG isotype match was used as negative control. Apoptosis was detected by using TUNEL assay and percentage (%) of TUNEL positive cells was determined (i.e., number of TUNEL-positive myocytes/total number of myocytes × 100). Three independent experiments were performed, in each experiment, each condition was performed in triplicate (i.e., coverslips from three separate dishes were counted per treatment condition, a total of 15 fields) (n = 15; *p < 0.05) SDF-1 and CXCR4 expression. Here, our in vitro model demonstrates that SDF-1 appears to have a context-dependent response in cardiac myocytes.
Apoptosis is a major cause of myocyte cell death during ischemic reperfusion injury and chronic heart failure; SDF-1 seems to be contributing to this process through various pathways. MAPK pathways, p38 and JNK/SAPK can be induced by various insults including hypoxia and they been known to play a role in mitochondria-dependent apoptosis [56, 57, 61] . The exact mechanism(s) involved in the pro-apoptotic action of this MAPK signaling pathway is not known. However, treatment of cardiac myocytes with SDF-1 at higher concentrations (300-500 ng/ml) results in significantly elevated levels of p38 phosphorylation as compared to cells exposed to SDF-1 at lower concentrations (100 ng/ ml). These data suggest that enhanced p38 phosphorylation in SDF-1 treated cardiomyocyte cultures may play a role in the apoptotic effects of this chemokine. To further refine our model, an inhibitor of p38 MAPK (SB203580; 10 μM) was included in treated cell cultures. Although the number of apoptotic cells in cardiomyocytes cultures co-treated with SDF-1 (300 ng//ml) and SB203580 was somewhat reduced when compared to cultures treated with SDF-1 (300 ng//ml) only, the result was not statistically significant. Interestingly, even though p38 inhibition did not abrogate SDF-1-mediated cell death, there were significant effects on H 2 O 2 -mediated cell death, suggesting that oxidative stress does not underlie SDF-1-mediated apoptosis. However oxidative stress has been demonstrated to enhance SDF-1 and likely CXCR4 expression and most likely potentiates and thus contributes to their deleterious effects [4] .
JNK/SAPK has also been shown to be involved in the inactivation of the anti-apoptotic Bcl-2 and Bcl-xL proteins, which they may play a role in BAX translocation to the mitochondria [62] . However, we did not see significant changes in the levels of JNK/SAPK phosphorylation in SDF-1 treated cultures, thus it is less likely that JNK/SAPK is directly involved in SDF-1 mediated cell death mechanism. The indirect contributions and activation of this signaling molecule require further clarification.
Moreover, we have previously published that SDF-1 and CXCR4 expression is regulated on the cardiomyocytes [4, 63] . For example, both CXCR4 and its ligand, SDF-1, are upregulated in the heart following myocardial ischemia; this is correlated with the up-regulation of TNF-α and increase in apoptotic markers contributing to myocardial damage and dysfunction [4] . It is often assumed that TNF-mediated myocardial damage is secondary to TNF-α-mediated inflammation. Since cardiomyocytes constitutively express SDF-1 and its receptor CXCR4, next we investigated the following questions: (1) how TNF-α production is regulated by SDF-1; (2) whether SDF-1-mediated TNF-α expression affected cell death; and (3) whether TNF-α is secreted from cardiomyocytes within the heart. Our data suggests that SDF-1 can regulate TNF-α expression within cardiomyocytes. Moreover, we saw a significant reduction in SDF-1 mediated apoptosis when TNF-α expression was neutralized suggesting that SDF-1 mediated apoptosis is in part TNF-α mediated. Collectively, we have demonstrated a potential role for the chemokine, SDF-1, in regulating myocardial TNF-α-induced apoptosis. This data will shed light on some of the pressing controversies that exist over the protective and apoptotic effects of SDF-1-CXCR4 in injury models [33] [34] [35] [36] [37] .
Our results reveal a novel signaling mechanism of SDF-1/ CXCR4 axis and its concentration-dependent regulation of cardiac myocyte cell death. To our knowledge, there has not been any study evaluating the biphasic effects of SDF-1 on cardiac myocytes. These findings suggest that the elevated SDF-1 levels seen in a variety of clinical conditions, including ischemic myocardial disorders and heart failure may contribute to TNF-α-induced cardiac cell death. This research will help develop novel targeted therapies that can be safely downregulate TNF-α in the context of chronic heart failure. In addition, our research may shed light on why numerous clinical trials of anti-TNF-α therapies have failed to show any therapeutic benefit. Since myocardial TNF-α production and its potential contribution to myocardial damage have been overlooked, SDF-1-induced myocardial TNF-α may ultimately contribute to changes observed in chronic heart failure including myocardial dysfunction and cardiomyocyte death. This highlights the importance of this receptor/ligand in regulating cardiomyocytes apoptosis and could potentially aid in the understanding and treatment of a wide variety of cardiac disorders.
